Abstract. In the present work we calculate the allowed β − -decay half-lives of nuclei with Z = 20 − 30 and N ≤ 50 systematically under the framework of the nuclear shell model. A recent study shows that some nuclei in this region belong to the island of inversion. We perform calculation for f p shell nuclei using KB3G effective interaction. In the case of Ni, Cu, and Zn, we used JUN45 effective interaction. Theoretical results of Q values, half-lives, excitation energies, logf t values, and branching fractions are discussed and compared with the experimental data. In the Ni region, we also compared our calculated results with recent experimental data [Z. Y. Xu et al., Phys. Rev. Lett. 113, 032505, 2014]. Present results agree with the experimental data of half-lives in comparison to QRPA.
Introduction
The neutron density becomes very diffused and the single-particle spectrum shows the similarity of the harmonic-oscillator as we approach towards the neutron-drip line [1, 2] . We can see this effect at N = 40 shell gap. Recently intruder configurations are found in the neutron rich nuclei around this shell gap [3, 4, 5, 6, 7] . Thus the nuclear structure study of these nuclei in this region is very important [8, 9, 10] .
Sorlin et al. [11] , observed the experimental beta decay half-lives of neutron rich 57−59 Ti, Ni with folded-Yukawa single-particle potential are reported in ref. [12] . The authors of [12] , have also compared the results with Bender et al., [13] based on Nilsson potential. Using RIBF facility at RIKEN, the half-lives of twenty neutron-rich nuclei with Z = 27 − 30 are reported in ref. [14] . In that work, sizable magicity was reported for both the proton number Z = 28 and the neutron number N = 50 in 78 Ni. A sudden shortening of half-lives of the nickel isotopes beyond N = 50 were observed in this work, although this effect is not found in the Cu-Ge-Ga chains. The half-lives results from LISE2000 spectrometer at GANIL for 71 Co and 73 Co are reported in ref. [15] . The half-lives of 77, 78 Ni were measured for the first time by Hosmer et al. [16] , at NSCL, MSU. Recently the beta decay half-lives of 38 very neutron-rich Kr to Tc isotopes are measured at RIKEN [17] .
Despite the progress in the experimental side, we need theoretical estimates for half-lives of neutron rich nuclei, especially those belonging to the island of inversion. These calculations are based on allowed GT-transitions. Many theoretical calculations from the quasiparticle random phase approximation (QRPA) based on the HartreeFock Bogoliubov theory [18] or other global models [19, 20, 21] are available in the literature. These calculations underestimate the correlation among nucleons which predict GT-strength at low-energies. Recently, shell model calculations for the β − -decays of Z = 9 − 13 nuclei are reported by Li and Ren [22] . The motivation of the present work is to study β − -decay properties of Z = 20 − 30 nuclei using the nuclear shell model. This paper is organized as follows. In section 2, we present the formulas for the calculation of β − decay half-lives. Shell model spaces, effective interactions and the quenching factors adopted in our calculations are reported in section 3. In section 4, we present theoretical results along with the experimental data wherever available. Finally, summary and conclusions are drawn in section 5.
Formalism
In the beta decay, the transitions start from the ground state of the parent nuclei to different excited states (only those inside the energy window defined by Q-value) of the daughter nuclei according to the selection rule of beta -decay. The f t value is calculated by
where, g A (= 1.260) is the axial-vector coupling constant of the weak interactions. Here, f is a phase-space integral that contains the lepton kinematics. The B(GT ) and B(F ) are the Gamow-Teller and Fermi matrix elements. The total half-life is calculated as
where t i is the partial decay half life of the daughter's state i. The partial half-life of the allowed β − -decay is given by [23] ,
here, f A is the Gamow -Teller (axial-vector) phase space factor. Because the f t values are usually large, they are normally expressed in terms of 'log f t values'. The log f t value is defined as logf t ≡ log 10 (
The partial half-life t i is related to the total half-life t 1/2 of the allowed β − -decay as
where, b r is the branching ratio for the level with partial half-life t i . The B(GT ) is the Gamow-Teller matrix element
The nuclear matrix element of Eqn. (5) for the Gamow-Teller operator is
where f and i refer to all the quantum numbers needed to specify the final and initial states, respectively, ± refers to β ± decay, τ ± = 1 2
(τ x + iτ y ) with τ + p = n, τ − n = p, and J i is the total angular momentum of the initial-state. The sum in Eqn. (6) runs over all the nucleons. We calculate the values of f A and στ 2 from the refs. [24, 25, 26] .
We also report the β-decay Q value using shell model calculations, the theoretical β-decay Q value is given by
where E(SM) is the nuclear binding energy of the interaction of the valence particles among themselves, which can be evaluated from the shell model calculation, E(C) is the valence space Coulomb energy, and subscripts i and f denote the parent and daughter nuclei, respectively. The expression for E(C) is taken from ref. [27] .
Hamiltonian and quenching factor
In the present work we performed calculation for f p and f 5/2 pg 9/2 shell nuclei using the shell model code NuShellX@MSU [28] . For f p shell nuclei, we used KB3G effective interaction [29] . In the case of f 5/2 pg 9/2 model space for Ni, Cu and Zn isotopes, we performed calculations with JUN45 effective interaction [30] . [29] interaction is extracted from the KB3 interaction by introducing mass dependence and refining its original monopole changes in order to treat properly the N = Z = 28 shell closure and its surroundings. In order to recover simultaneously the good gaps around 48 Ca and 56 Ni, here T = 0 and T = 1 modifications are different. The single-particle energies for KB3G effective interaction are taken to be -8.6000, -6.6000, -4.6000 and -2.1000 MeV for the f 7/2 , p 3/2 , p 1/2 and f 5/2 orbits, respectively. The JUN45 effective interaction, which was recently developed by Honma [30] , is a realistic interaction based on the Bonn-C potential fitting by 400 experimental binding and excitation energy data with mass numbers A = 63 -96. For the JUN45 interaction, the single-particle energies are taken to be -9.8280, -8.7087, -7.8388 and -6.2617 MeV for the p 3/2 , f 5/2 , p 1/2 and g 9/2 orbits, respectively. The large number of experimental data around N = 50 shell closure has been taken for the fitting of this interaction. For this interaction an rms deviation is 185 keV. We performed full-fledged calculation, but for few f p shell nuclei we freeze 2 -8 neutrons in the f 7/2 orbital.
Following Ref. [32] we can define matrix elements, M(GT ), in terms of reduced transition probability, B(GT ), by following
this is independent of the direction of the transitions. Here J i is the total angular momentum of the initial state. To get effective g A , first we normalize the M(GT ) to the "expected" total strength W, defined by The matrix elements R(GT ) are defined as
The comparison of the experimental versus the theoretical R(GT ) values are plotted in Fig. 1 . The R(GT ) exp values are taken from the experimental logf t values (as given in the table 1).
The quenching factor is defined as the square root of the ratio of the experimental measured rate to the calculated rate in a full 0hω calculation. Because the observed Gamow-Teller strength appears to be systematically smaller than what is theoretically expected on the basis of model independent Ikeda sum rule "3(N-Z)". The quenching factor q in a given model space is obtained by averaging all the ratios between the experimental and theoretical R(GT ) values. The points follow nicely a straight line whose slope gives the average quenching factor. In the present work we performed the shell model calculations for two different model spaces. Thus, we have two different quenching factors. From this work for pf shell nuclei we have q = 0.660 ± 0.016, while for f 5/2 pg 9/2 shell nuclei we have q = 0.684 ± 0.015.
Results and discussions
The comparison between theoretical and experimental logf t values, excitation energies, and the branching percentages of β-decays of the concerned nuclei are shown in the table 1. The theoretical and experimental excitation energies of each state involved in the β -decays are listed in column 3 and 4, respectively. The theoretical and experimental logf t values are listed in column 5 and 6, respectively. The branching fractions are given Table 1 .
Comparisons of the theoretical logf t values, excitation energies, and branching percentages of β-decays of the concerned nuclei with the experimental values. An asterisk beside the experimental excitation energy indicates that the experimental J π of this state is uncertain. References to the experimental data are given in the last column.
Ex. energy (keV)
logf t value Branching (%) [52] . In column 4 we present the sums of quenched B(GT ) values. Theoretical and experimental β-decays half-lives are presented in columns 5 and 6, respectively. In the last column we present the experimental probabilities of β − -decay. The probabilities of β − -decay for most of the nuclei are 100%. In this table, we present the experimental value which is unknown by ' ?'. We determined the ground states using the shell model for the nuclei where the experimental ground states are not confirmed. In these cases we calculate the β-decay properties for the three lowest states as reported in table 1.
The 63−65 Mn nuclei belong to the island of inversion [5] . The experimental β − -decay half-lives for these three nuclei are 275 ± 4 ms, 90 ± 4 ms, and 84 ± 8 ms, respectively, while the calculated shell model results are 216 ms, 61 ms and 73 ms, respectively. The calculations are remarkably close to the measured values. We also reported the calculated β − -decay half-lives for some nuclei such as 57−58 Ca, 59−61 Sc, and 62 Ti, where exact experimental values are still not known.
In the Fig. 2 , we show the theoretical and experimental β-decay half-lives of concerned nuclei taken from table 2. We used the log frame to show β-decay halflives. Here, the β-decay half-lives decrease rapidly with the increasing neutron number. In this figure we presented the experimental data with error bars while the theoretical results are connected by solid lines with '+' sign. In the case of most f p shell nuclei results are in a good agreement with experimental data. For a few heavier even-even f p shell nuclei (around ∼ N = 40), the calculated results are not in a good agreement with the experimental data. This may be due to the missing νd 5/2 orbital in the model space. The results with JUN45 interaction is showing a good agreement for Ni, Cu and Zn isotopes, except for 3 even-even Ni nuclei. We take new experimental results of halflives from ref. [14] for comparison with the calculated values. Our results are closer to the experimental data in comparison to previously available QRPA results in ref. [19] , because GT-strength is underestimated in QRPA. Some of the concerned nuclei belong to the island of inversion, such as 63−65 Mn and 67 Co, and their β-decays properties are well reproduced by our calculations.
The theoretical result shows better agreement with the experimental data for a relatively small neutron number. As we move towards drip line, some of the theoretical results deviate from the experimental data. This is because our calculations are unable to predict the ground state correctly, and uncertainties of the Q values are large. These facts are responsible for the large errors of the theoretical half-lives.
From the table 2, we also show the ratios between theoretical β-decay half-lives and experimental data for the concerned nuclei in Fig. 3 . Here, in the left figure we shown the results for f p shell nuclei using KB3G effective interaction, while in the right figure we shown the results of Ni, Cu and Zn isotopes using JUN45 effective interaction.
We also report the β-decay Q values using Eqn. (7) and compare with the experimental data in table 3. Although we are not using these theoretical Q values for the evaluation of β-decays half-lives as reported in table 1. We take the experimental data from ref. [52] ( where '#' indicates that the presented value is estimated from systematic trends). The rms deviation between theory and experiment is 1162 keV.
In the Fig. 4 , we show the comparison between the calculated and the experimental energy levels for 64 Ni. In the case of 64 Co and 64 Ni, we performed calculation in f p model space using KB3G effective interaction. Here we put minimum 6 and 4 particles in πf 7/2 and νf 7/2 orbitals, respectively. The energy levels are in a good agreement with the experimental data. The calculated partial half-life for 2 
Summary
In the present work, we reported the half-lives, logf t values, and branching fractions of nuclei with Z = 20 − 30 and N ≤ 50 using the nuclear shell model. We performed the calculation for f p shell nuclei using KB3G effective interaction. In the case of Ni, Cu and Zn for f 5/2 pg 9/2 model space we used JUN45 effective interaction. The comparison with experimental results of excitation energies, logf t values, half-lives, Qvalues and branching fractions for most of nuclei show a good agreement with the available experimental data. Some of the concerned nuclei belong to the island of inversion, such as 63−66 Mn and 67 Co, and their β-decays are well reproduced by the calculations. The present shell model results will add more information to the earlier QRPA results [19] . The QRPA results for half-lives are larger because it is pushing down GT-strength at low energies. Further experimental half-lives measurement for very neutron-rich f p and f 5/2 pg 9/2 shell nuclei are strongly desired to test shell model effective interaction.
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